Abstract: Four types of high-Q optical microcavitiesVdisk, 1-D photonic crystal nanobeam, 2-D photonic crystal slab, and 3-D photonic crystal optical microresonatorsVclad by lowoptical-loss electrode media such as indium tin oxide are designed and evaluated by the perturbation theory and 3-D finite-difference time-domain (FDTD) method. The quality (Q) factor is obtained via perturbation theory in which the imaginary part of the cladding material is regarded as a perturbation and confirmed to agree with results from the 3-D FDTD method. Although the studied designs preserve the high-Q factor, they provide the placement of lowloss conductive electrode material proximate to high-Q microcavity modes. Further enhancement of the Q factor is possible by a reduction of the electrode volume. Microlasers based on this study would provide an excellent heat sink and efficient carrier injection into a microcavity mode, thereby resulting in the realization of continuous-wave, room-temperature microlasers with low threshold.
Introduction
The optical microcavity [1] localizes a small number of optical modes in small dimensions and is a building block of nanophotonic devices, such as the microlaser [2] , optical modulator [3] , optical switch [4] , single photon source [5] , optomechanics resonator [6] , and optical sensor [7] . Many microcavity-based photonic devices benefit from a high-quality (Q) factor and require electrodes for current injection and electric field application. However, metallic materials such as gold deteriorate resonances due to their large absorption coefficient. Although the past current-injection microcavities [8] , [9] show a scientific advance, they use awkward, indirect current injection schemes to save the resonance, resulting in low thermal conductance, high electrical resistance, and large leak current for electrically-pumped microlasers. Our approach to be reported here addresses this challenge by developing high-Q microcavity designs with transparent conductive oxide (TCO) electrodes such as indium tin oxide (ITO) for which the imaginary part of permittivity is small. Although this approach may appear to be obvious, it has been overlooked in microcavity research, and there exist no reports of considering TCO materials as cladding materials for microcavities. In this paper, we designed various types of high-Q optical microcavities clad by planar, low-optical-loss media that mimic ITO materials. The designs have advantages over conventional ones, in which charges are injected from a far metal contact in a microcavity mode: (1) large thermal conductance suppressing the heat accumulation Senlik and the propagation of dislocations, (2) small electric resistance due to the short current path length, and (3) low laser threshold current via the suppressed leak current enabled by the direct current injection.
The ITO films have a small imaginary part of the relative permittivity [10] , [11] . Fig. 1 shows the measured refractive index spectra of the ITO deposited by radio-frequency (RF) sputtering. The real part of the index drops as the wavelength increases. On the other hand, the imaginary part is negligible in the visible wavelength and increases in near infrared. However, the absorption is still low; ITO materials show approximately " ¼ 1 þ 0:1i to 1 þ 0:3i around ¼ 1200 À 1300 nm. We also confirm that the deposited ITO film is smooth; the RMS value measured by AFM is less than 10 nm. Thus, the scattering loss associated with ITO is a subdominant factor, limiting the Q factor. Efficient current injection and electric field application require ohmic contacts. In this regard, ITO materials are proven to offer a good ohmic contact to many III-V light-emitting materials. For example, ITO provides low-contact resistance ohmic contact both to n-GaAs and p-GaAs [12] .
In Section 2, we find the Q factor with a small addition of optical absorption to the cladding media by perturbation theory. In Section 3, three types of microcavities clad by low-optical-loss media are characterized and compared in terms of Q factor and the confinement factor. We also verify results of the perturbation theory derived in Section 2. In Section 4, we discuss the possibility of the further enhancement of the Q factor via reduction of the ITO material volume, as well as the properties of ITO-clad woodpile 3-D photonic crystal microcavities.
Perturbation Theory
We consider microcavities clad by planar ITO film of the relative permittivity " c ¼ " c1 þ i " c2 . The unperturbed system is written as " ðrÞ. The Q factors of unperturbed and perturbed systems are Q and Q 0 , respectively. Suppose we know the unperturbed value Q. The angular frequency of the unperturbed mode j is ! j ¼ ! j1 þ i ! j2 ð! j1 ; ! j2 2 RÞ, and the Q factor is given as À! j1 =2! j2 . Now, we add a small perturbation of the relative permittivity Á"ðr Þ ¼ Á" 1 ðr Þ þ iÁ" 2 ðr ÞðÁ" 1 ; Á" 2 2 RÞ to the microcavity geometry "ðr Þ. The perturbation theory [13] gives the first-order correction to the frequency of the mode j The Q factor of the perturbed system is then obtained as
where
Here, we are interested in the perturbation of the imaginary part of the permittivity only. For Á" 1 ðr Þ ¼ 0, the Q factor is simplified as
For QR 2 ) 1, the Q factor is limited by the material absorption, as noted in
which is independent of the unperturbed Q factor (Q). Next, we consider one limited case, i.e., microcavities surrounded by a single-type absorptive medium of the position-independent relative permittivity " ¼ " 1 þ iÁ" 2 , for which the perturbation parameter is Á" 2 . The expression of Q factor can further be simplified. At first, the value R 2 is given by
where the confinement factor of the resonator mode j is defined as
Equation (4) is reduced to
The Q factor is a function of two mode parameters (Q and À) of the unperturbed system and the perturbation strength Á" 2 . For QÁ" 2 ð1 À ÀÞ ) 1, the Q factor of the unperturbed mode does not affect that of the perturbed mode, and the confinement factor and Á" 2 determine the Q factor of the perturbed mode. It is important to confine light inside a microcavity and use low-optical-loss cladding media. The confinement factor can be tuned via a change of refractive index contrast, index profile, and slab thickness. Large refractive index contrast and thick slab thickness tend to make the optical confinement in the slab strong.
Microcavities Clad by Low-Loss Conductive Optical Media
In this section, we show three examples of high-Q optical microcavities clad by low-optical-loss media and verify the effectiveness of the perturbation theory by comparing results obtained from 3-D finite difference time domain (FDTD) [14] . There is a large design space in choosing index value, for example, the low-absorption wavelength point in the visible spectrum range. However, we choose " ¼ 1 þ i " c2 for simplicity in order to show the significance of the study.
Disk Microcavity
The first example is a microdisk resonator [15] , [16] with a top ITO cladding layer ð" ¼ 1 þ i " c2 Þ. Total internal reflection along the circumference of a circular dielectric disk supports doubly degenerate whispering gallery modes. The modal waves are confined in the disk by the index contrast. In our study, the microdisk is sandwiched by the top ITO and the bottom aluminum oxide ðAlO x Þ material ð" ¼ 2:89Þ with a semiconducting AlGaAs current injection path ð" ¼ 9Þ; see Fig. 2(a) . These cladding materials have lower refractive index values than the disk, for the vertical optical confinement. The top ITO layer ensures the direct current injection to the disk. The 3-D FDTD method is used to analyze a TE-mode-like whispering gallery mode with a 9 round trip. The diameter of the disk is six times the disk height, and that of the bottom current path post is 4.2 times the disk height in this example. High-Q factor is maintained if the post radius divided by the disk radius is 0.82 or smaller. Electrical charges can travel across the modal field volume for efficient generation of stimulated emission. Without the absorption in the top clad material, i.e., " c2 ¼ 0, the Q factor is as high as 1:0 Â 10 4 , and the modal volume is approximately 2:7 Â ð=nÞ 3 , where is the wavelength of light in a vacuum. The unitless mode frequency normalized by the disk height is 0.227. Thus, the disk diameter is as small as 1.36 .
We add the imaginary part of relative permittivity " c2 to the top cladding disk-shaped space in order to model the microdisk with the top ITO cladding disk. Fig. 2(c) shows the Q factor versus the " c2 value. The Q factor slowly decreases from 1 Â 10 4 as an increase in " c2 , and is still more than 1500 for " c2 ¼ 0:2. The modal field is nominal in the ITO top cladding volume, and the R 2 value ranges from 0.0029 to 0.0037 for " c2 ¼ 1. Dashed lines are drawn from (4), and R 2 ¼ 0:0033 for " c2 ¼ 1, i.e., the value " c2 is treated as perturbation strength. The curves agree with the points individually calculated from 3-D FDTD method. The Q factor is found to be sufficiently high for lasing action from the microdisk with the top ITO film.
One-Dimensional Photonic Crystal Nanobeam Microcavity
The second example is a 1-D photonic crystal nanobeam microcavity, which is made of two chirped 1-D Bragg mirrors facing each other with zero cavity length [17] . The envelope of the field along the structural beam decays in the form of a Gaussian, i.e., expðÀx 2 Þ so that the integral of Fourier component of H z inside the escaping light cone becomes zero. As a result, the Q factor can exceed 10 6 . Fig. 3(a) shows the schematic drawing of the structure; the 1-D cavity is defined in an n ¼ 3:4 beam with an a Â a cross-section area. The cavity is constructed according to the reference [17] , and we analyzed N ¼ 20; 30; and 40, where N is the number of periods of each mirror. The only difference from the reference is that the bottom cladding is also patterned as seen in Fig. 3(a) . The mode volume ranges from 1:4 to 1:7 Â ð=nÞ 3 . For each N, we obtained the Q factor as a function of the imaginary part of the relative permittivity ð" c2 Þ. In our modeling, the Q factor is as high as 5:5 Â 10 5 for an N ¼ 40 cavity with " c2 ¼ 0. The addition of the positive " c2 to the system reduces the Q factor, which is 1048 for " c2 ¼ 0:1. This reduction results from relatively high R 2 value (R 2 ¼ 0:0105 for " c2 ¼ 1). However, the lasing action still appears to be possible. The dashed lines in Fig. 3(b) are drawn from (4) and the R 2 value. They agree with individual FDTD calculation results well. Although the unperturbed system has large quality factor, the optical loss is dominated by absorption from interaction with ITO media.
Two-Dimensional Photonic Crystal Microcavity
Two-dimensional photonic crystal slab microcavities have been the most popular choice among photonic crystals as the fabrication is simple, and they provide large quality factor and small mode volume. We analyzed the so-called L3 cavity [18] ; see Fig. 4 . A perforated slab is sandwiched by media with relative permittivity " c ¼ 1 þ i " c2 , which represents semitransparent cladding ITO electrode. We vary the imaginary part of the permittivity " c2 to study its impact on the Q factor. For air-clad 2-D photonic crystal L3 resonators [18] , i.e., for " c2 ¼ 0, the maximum Q factor is 70 000 in our FDTD modeling. The slab thickness d is 0:9a, where a is the lattice spacing. The radius of holes r is 0:3a, and the shift of two holes at end of three line defects is 0:2a. For " c2 ¼ 0:12, the maximum Q factor is 500. The reduction of the Q factor is understood due to large overlap of the field with the absorptive media. Although it is desirable to obtain further Q enhancement, from our experiences, the Q factor of 500 would be sufficient to obtain lasing action from microcavities with approximately ð=nÞ 3 mode volume. The R 2 value is 0.0178 for " c2 ¼ 1. The Q factor is approximately half of the one for 1-D nanobeam microcavity as the analyzed 2-D photonic crystal microcavity is sandwiched by two absorptive ITO films.
For comparison, we also analyzed L3 microcavities sandwiched by gold with cavity resonance at 660 nm. The permittivity is set to 0:14 þ 3:79i. Both real and imaginary components are small. The smaller the real part is, the smaller the critical angle defining the escaping light cone. The radiation loss would be suppressed. The maximum Q factor of Au-clad L3 microcavities is 150 according to our 3-D FDTD analysis. Although there is a positive effect of small real part of the permittivity, the absorption effect is strong in determining the resonator Q factor.
Discussions
A further increase in Q factor is feasible via the reduction of absorptive media volume, as understood from (4). The Q factors obtained in the previous section are lower bounds, and upper bounds are those with " c2 ¼ 0, i.e., non-absorptive microcavity. As an example, we consider a microdisk with a top cladding ITO ring, as seen in Fig. 5(a) . The outer diameter of the ring is equal to that of the dielectric disk, and the inner diameter of the ring is varied. Fig. 5(b) shows the Q factor versus the ratio r air =r disk for different " c2 values where r air and r disk are inner radius of the top clad ring and the radius of the microdisk. The quality factor is constant from ¼ 0 to 0:6 and increases as the increase in the ratio as the optical interaction with ITO materials varies. The maximum modal energy is located at % 0:70. At ¼ 0:83, the Q factors are as high as 6300 and 4500 for " c2 ¼ 0:1 and 0:2. The charge diffusion is not small relative to the disk size, and the current injection path length can still be short. Therefore, this design should offer small electrical resistance, large thermal conductance, and small leak current.
The resonance wavelength is also one of design factors as ITO is dispersive. We chose the relative permittivity " c ¼ 1 þ i " c2 for designs shown in this paper in order to simplify microcavity designs. However, for example, disk microcavities shown in Fig. 2(a) in the visible wavelength can show higher Q factors than in infrared. The Q factors are 4300 and 3400 at 600 and 750 nm. The refractive indices used for the calculation are 1:875 þ 0:003i and 1:77 þ 0:017i, respectively. Therefore, although, in experiments, Rayleigh scattering would increase in the visible wavelength, the simulated Q factor can be increased further without using a partial ITO contact on the semiconductor disk. We also analyzed the Q factor for a woodpile 3-D photonic crystal microcavity clad by low-opticalloss electrode media for comparison. The dipole mode is induced in a finite-size woodpile photonic crystal with N x Â N y Â N z unit cells, where z is the rod-stacking direction [19] . The mode volume is as small as 0:36 Â ð=nÞ 3 . As the microcavity mode is located in the center of the structure due to the omnidirectional confinement of light, the field strength on the surface tends to be tiny. This is indeed an advantage in terms of suppression of light absorption, and the reduction of Q factor is, in general, small. On the other hand, due to the difficulty of fabricating a large 3-D photonic crystal with the complete photonic bandgap, the modal field may not be negligible for small 3-D photonic crystals. In this case, low-optical-loss electrodes save the high-Q factor of the 3-D photonic crystal mode. Our study on woodpile photonic crystal indicates that the fabrication of 7 Â 7 Â 9 unit cells or larger would be feasible [20] . For (100) woodpile fabrication, the structure along the woodpilestacking direction is defined by lithography, and thus, we obtain a large number of unit cells. Fig. 6 shows the Q factor versus the photonic crystal size for a different " c2 value. The mode is deep inside the crystal, and therefore, the Q factor does not decay abruptly. Considering the characteristic of (100) woodpile fabrication, a woodpile photonic crystal with 7 Â 7 Â 9 unit cells or larger would be fabricated. For 7 Â 7 Â 9 unit cells, the Q factor with " c2 ¼ 0:1 is as high as 13 500.
The developed method based on perturbation theory can be applied to permittivity change due to other factors, including temperature. Metallic materials show the strong temperature dependence of permittivity as the dumping factor is strongly temperature dependent. Although it is not analyzed here, we believe that we can model the temperature dependence of the Q factor [21] .
Conclusion
We analyzed four types of optical microcavities clad by low-optical-loss electrode mediaVdisk, 1-D photonic crystal nanobeam, 2-D photonic crystal slab, and 3-D photonic crystal microcavities. The Q factor is reduced due to the interaction of field with the absorptive electrode such as ITO, but it is sufficiently high for lasing action. The perturbation theory used in this work is a powerful tool to predict the Q factor of absorptive microcavities, resulting in computational cost savings. The analyzed microcavity designs allow us to believe that more practical current injection microlasers could be built, owing to sufficiently high-Q factor, small thermal resistance, and small electrical resistance, except for the p-n junction. The developed high-Q microcavities would be useful for many compact optoelectronic devices such as microlasers, modulators, switches, logic gates, photodiodes, and single photon sources.
